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Calibration of the aspiration system 
We applied the aspiration pressure ΔP by dilating a volume of air contained inside a syringe and the 
tubing connected to it “upstream” of the micropipette immerged in the Petri dish as shown in Figure 2A. 
A calibration was needed to relate the change in volume ΔV inside the syringe to the aspiration pressure 
ΔP. 
 
Measuring the ΔP – ΔV relationship with hydrostatic pressure 
As a first means of calibration, we replaced the liquid-filled tubing and micropipette shown in figure 2A 
by a water reservoir open to atmospheric pressure Patm (Fig. S1A-B). By considering the air in the syringe 
as a perfect gas in isothermal conditions, the product of the air volume by its pressure is constant. Before 
application of aspiration pressure, the air in the syringe and tubing is contained in a dead volume V0 at 
atmospheric pressure Patm (Fig. S1A). After pulling the syringe pump, the new volume V0+ΔV-V1, and 
the air pressure is Patm-ΔP, where ΔV>0 is the change in volume inside the syringe, V1 = Stube (h1-h0) is 
the air volume lost in the tubing due to the raise of the water level from h0 to h1, and Stube is the tube 
section. The conservation of pressure-volume product writes  
 
𝑃𝑎𝑡𝑚𝑉0 = (𝑃𝑎𝑡𝑚 − Δ𝑃)(𝑉0 + Δ𝑉 − 𝑉1), (S1) 
which leads to 
Δ𝑃 = 𝑃𝑎𝑡𝑚
Δ𝑉−𝑉1
𝑉0+Δ𝑉−𝑉1
 (S2) 
 
Equation S2 can be used to measure the dead volume V0 that depends on tube length, section, and dead 
volumes inside tube connections. To do so, we moved the syringe pump position, we measured the new 
water level h1, from which we deduced V1 = Stube (h1-h0), as well as the hydrostatic pressure ΔP that is 
independent of tube section and related to the difference in height h1-h0 through  
ΔP = ρg( h1-h0), where ρ is the volumic mass of water and g the gravitational acceleration. 
This previous calibration technique is limited by the maximum difference in water level h1-h0 achievable, 
typically 50 cm in our case, hence a maximum hydrostatic pressure difference of 5000 Pa. Importantly, 
although the term V1 = Stube(h1-h0) is negligible for large ΔV, it cannot be neglected for small ΔV. 
 
Measuring the ΔP – ΔV with a differential pressure sensor 
Another method to calibrate the aspiration pressure system is to use a pressure sensor. We used a home-
made pressure sensor using a ± 25 kPa differential gas pressure sensor chip (Robotshop Inc., Gonesse, 
France) that we connected to an Arduino Uno board (http://www.arduino.cc) in order to convert the 
output analog signal of the sensor to a 10-bit signal, which was displayed on a LCD screen device 
(http://www.dfrobot.com) after a temporal average. In order to convert the output signal to Pascals, we 
connected the sensor to a syringe (Fig. S1C) and varied the syringe volume V0+ΔV while recording the 
output signal of the sensor. Importantly, in this case there was a negligible length of tubing connecting 
the syringe to the sensor. This led us to a measurement of the dead volume V0 in this particular setting 
with a relative accuracy better that 1%. Knowing the air pressure by considering it as a perfect gas, we 
could measure the conversion factor from 10-bit output signal of the sensor to Pascals. 
Once calibrated, we could connect the sensor to the actual measurement system (Fig. S1D) and explore 
much larger aspiration pressures than with the previous calibration technique. Moreover, in the 
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configuration of figure S1D, water level will not change due to the pressure change in the gas, due to 
the incompressibility of water and the negligible amount of water aspirated by the micropipette tip, so 
that V1 in Equation S2 is zero and the equation S2 reduces to 
Δ𝑃 = 𝑃𝑎𝑡𝑚
Δ𝑉
𝑉0+Δ𝑉
 , (S3) 
which can be rewritten as 
Δ𝑉 = 𝑉0
Δ𝑃
𝑃𝑎𝑡𝑚−Δ𝑃
, (S4) 
with the convention here that ΔP>0 for an aspirating pressure. According to equation S3, a linear fit of 
the ΔV vs ΔP plot (Fig. S1E) led us to a measurement of the dead volume V0 = 14.2 mL in our system. 
Although non-linear, Equation S3 leads to an approximately linear ΔP-ΔV relationship of slope 
𝑃𝑎𝑡𝑚
𝑉0
 up 
to ΔV ~ 4mL (Fig. S1F). For larger volume changes, we corrected for non-linearity using equation S3. 
 
FIGURE S1 Calibration of the aspiration pressure system. (A-B) the micropipette is replaced by a water reservoir 
open to atmospheric pressure to measure hydrostatic pressure differences by measuring differences in water levels. 
(C) To calibrate a differential pressure sensor, it was directly connected to a syringe of known inner volume. (D) 
Once the corresponding value of the output value of the sensor was determined in Pascals, the sensor was 
connected to the experimental setup. (E) According to equation S4, the slope of the ΔV vs 
Δ𝑃
𝑃𝑎𝑡𝑚−Δ𝑃
 plot is the dead 
volume of the system V0.  (F) The ΔP-ΔV relationship is nearly linear up to volume changes ΔV~4 mL. Above 
that value the equation S4 can be used to correct for non-linearity of the relationship. 
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Thresholding procedure of IRM images 
Images acquired with IRM (Fig. S2A) were processed as follows using the software Image j (ref. [20] 
in main text). The definition of raw images definition was 16 bits and kept as such until final 
binarization. An averaging filter was applied (‘Filter/mean function’, radius 2 pixels), then the 
background of the image was subtracted in order to correct for inhomogeneous illumination 
(‘Process/Substrack Background’ function, with radius 30 pixels, Fig. S2B). Then using an Image j 
home-made macro, the maximum and minimum gray values of the images where stored in memory. In 
order to exclude from the process cells neighboring the cell of interest centered in the image, a polygonal 
shape was defined  by the user, and for the sake of helping visual inspection, the outside of the shape 
was filled with white (‘Edit/Clear Outside’, Fig. S2C). Then pixels were kept whose value ranges from 
the minimum up to a value that depended to the height threshold δ determined by Equation 1 in the main 
text. For δ=50 nm, we obtain Ithr = 0.363*Im + 0.637*IM, where, consistently with Equation 1, IM and Im 
are the maximum and minimum intensity levels, respectively. For δ=60 nm (in the case of the 
micropipatterns), we obtain Ithr = 0.199*Im + 0.801*IM. The resulting threshold (Fig. 2D) was then 
applied to obtain a binary image (Fig. 2E) whose area (in black) can be measured in pixel2 and converted 
to µm2 (with our 100X objective 1 pixel represents 0.06 µm). 
 
 
FIGURE S2 Thresholding procedure of IRM images. (A) Raw image. (B) Image after background subtraction . (C) 
User-defined region to be processed (withe outside). (D) Threshold appears in yellow. (E) Binary image obtained 
after application of the threshold. The bar represents 10 µm. 
 
Adhesion areas are stable after membrane rupture 
In order to complement experiments in profile mode to show that breaking cell membrane did not imply 
cell detachment, we ran a set of complementary experiments in in-plane mode. We applied an aspiration 
pressure of 5.5 kPa on cells in presence of propidium iodide in the extracellular medium, until the rapid 
increase in fluorescence showed that the membrane broke. As soon as rupture was detected, we set the 
aspiration pressure back to zero while leaving the micropipette in place, and we waited up to 300 
seconds. During the whole process we imaged the cell-substrate interface with IRM at a rate of one 
image every 4 seconds. The quantification of these experiments showed that Sadh stayed relatively 
constant even in the presence of a broken membrane (Fig. S3). After typically 200s, the large increase 
in fluorescence level due to propidium interfered with a proper IRM monitoring in some cells. When 
the level of propidium fluorescence was very large, we could not quantify Sadh properly (over 11 cells, 
7 could be analyzed for at least 150 s until propidium fluorescence was too large) but even in these cases 
adhesion area did not seem to be strongly impacted. The supplementary movie S5 shows an example of 
these experiments. 
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FIGURE S3 Time evolution of the averaged adhesion surface Sadh normalized by its value at time t=0 s, which 
corresponds to the instant at which cell membrane was rupture under a 5.5-kPa aspiration pressure in an in-plane 
mode experiment, under IRM imaging. As soon as rupture was detected with propidium iodide, the aspiration 
pressure was set back to zero while leaving the micropipette in place. Average was performed on 7 cells. Error 
bars represent standard deviation. 
 
Detachment of cells from a low-adhesion surface 
As shown before (see Figure 5 in main text), applying an aspiration pressure on cells adhering to glass 
or Cytodex-3 beads led to a rupture of cell membrane before cell detachment. In order to test the behavior 
of cells during detachment from a low-adhesion surface, we grew endothelial cells on a surface coated 
with a low concentration of PLL-g-PEG molecules. We prepared these substrates by incubating plasma-
treated µ-Dishes with the PLL-g-PEG solution used to prepare micropatterns but at a 3% concentration 
(i.e. at 3 µg/mL) in PBS. While PLL assures adhesion to plasma-cleaned glass, the PEG group is anti-
adhesive. When left for 2 hours to adhere, cells developed a limited projected area and appeared as more 
dome-like in brightfield illumination. Interestingly, detachment force in these conditions scaled with 
Scell (Fig. S4C) with a critical stress σ* = 1500 ± 500 Pa (N=9 cells) very consistent with the one obtained 
on glass substrates (σ* = 1300 ± 50, N= 335 cells). However, when applying the usual thresholding 
protocol of IRM images with a 50-nm threshold, we obtained a detachment that still scaled with Sadh, 
but led to a significantly (p<0.0001, unpaired t test) lower critical stress σ** = 4300 ± 2300 Pa (N=9 
cells) compared to the case without PLL-g-PEG. These values corresponded to a large value of Sadh/Scell. 
One possibility to explain this difference is that applying the same threshold in presence of PEG is not 
appropriate, since PEG could lead to larger cell-substrate distances. However, setting for instance a 
threshold of 60 nm instead of 50 nm would select an even larger Sadh and go in the other direction, i.e. 
an even lower value of σ** = σ * / (Sadh/Scell). We ran another set of detachment experiments in presence 
of propidium iodide in the extracellular medium in order to test whether membrane broke before the 
forces needed to detach cell in these conditions were reached. Interestingly, for the majority of cells (17 
out of 20 cells tested), the cell membrane did not break before detachment. Although the value obtained 
for σ** is not straightforward to interpret, the consistent value obtained for σ* suggests that membrane 
rupture does not influence σ* for cells grown on more adhesive situations. 
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FIGURE S4 Brightfield (A) and IRM (B) image of a cell cultured on a glass substrate covered with a low density of 
PLL-g-PEG. Detachment force F* vs Scell (C) or Sadh (D) for cells cultured in these conditions. The bar in (B) 
represents 10 µm. 
 
Immunostaining 
As a preliminary experiment, we performed immunostaining on cells still attached to their substrate. We 
stained actin (with Phalloidin Alexa-Fluor-594, Life Technologies), the nucleus (with DAPI, Life 
Technologies), and most importantly, vinculin (primary antibody: monoclonal Anti-Vinculin antibody 
produced in mouse, Sigma; secondary antibody: Alexa Fluor 488 AffiniPure Donkey Anti-Mouse IgG 
(H+L), Jackson). See supplementary figure S5 for an example of stained cell. 
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FIGURE S5 Immunostaining. Vinculin staining appears in green, actin staining in red, and nucleus staining in blue. 
The red channel was processed by applying a “Shadow” filter using Image j software in order to enhance stress 
fibers. The bar represents 10 µm. 
 
Colocalization of adhesion areas determined with IRM and vinculin 
The staining on intact cells described above allowed us to verify that using the 50nm-threshold to define 
adhesive zones, as used to quantify Sadh, we obtained zones that colocalized with vinculin staining (see 
two examples in figure S6). 
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FIGURE S6 Adhesion areas as defined by IRM thresholding match vinculin localization following immunostaining. 
(A) and (C) Processed IRM images as described previously. The 50-nm threshold is shown in red. (B) and (D) 
Corresponding image obtained in the GFP channel in epi-fluorescence. The image is inverted, so that vinculin-
rich area appear as dark. The threshold obtained from the IRM image is superimposed in red and shows that zones 
defined as adhesion areas as defined by thresholding IRM images are vinculin-rich. 
 
Presence of traces left after cell detachment  
After cell detachment in in-plane mode, the substrate presented some “traces” that were hardly visible 
in brightfield, but by imaging cells in both brightfield and IRM, we observed that they appeared as “dark 
traces” in IRM, and that they were systematically present after a cell had been detached (N=9 cells, 
figure S7). 
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Figure S7 Dark traces are always present after cell detachment. (A) and (B) Images obtained with brightfield 
illumination before (A) and after (B) cell detachment. (C) IRM image of the same cell as in (A) before detachment. 
Although hardly detectable in bright field, “dark traces” are clearly distinguishable after the cell has been detached 
(D). The bar represents 10 µm. 
 
We performed immunostaining in order to investigate whether these dark traces would correspond to 
adhesion areas. The traces did indeed colocalize with vinculin (Fig. S8), leading us to the conclusion 
that some adhesion molecules were left on the substrate after cells were detached. The fact that adhesion 
molecules are left on the substrate contradicts the assumption of our model that all adhesion molecules 
break during cell detachment. We then sought to quantify this remaining adhesion area Sadhafter relative 
to Sadh measured before detachment. By using the same thresholding procedure of IRM images 
before/after detachment on N=13 cells, we obtained Sadhafter/Sadh = 0.06 ± 0.07%. Thus on average 94% 
of all adhesive areas break during cell detachment, so that we kept the simplifying assumption of our 
model that adhesion areas would all detach. However, this raised an interesting question on the process 
occurring locally to these remaining adhesion areas during cell detachment. One possible scenario is 
that at these locations, the membrane breaks instead of the adhesive bonds. We tried to test this 
hypothesis by running detachment experiments in presence of propidium iodide while acquiring 
timelapses. We could not detect such local membrane rupture and only observe a major rupture close to 
the micropipette tip (as shown in supplementary movies 4 and 5). These nanoscale membrane ruptures 
might exist, but heal too quickly, thus avoiding diffusion of propidium inside the cell.  
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FIGURE S8 “Dark traces” appearing in IRM after cell detachment colocalize with vinculin. (A) and (C) Processed 
IRM images after two cells were detached. (B) and (D) Corresponding images obtained with epifluorescence in 
the GFP channel. The images are inverted so that vinculin-rich appear as dark. Arrows show the location of the 
“dark traces”. The bar in (B) and (D) represents 10 µm. 
 
Effect of cytochalasin D 
In figure S10A we plotted F* versus Scell for the three different pulling rates rP that we tested, with 9 
or 10 cells for each pulling rate. Although the data are very noisy, individual points collapse well on the 
same master curve σ* vs Ln(Spip/Scell rP). Furthermore, when the average critical stress σ* was calculated 
by averaging F*/Scell, its value was significantly different (p<0.05, two-tailed t test) between rP=167 Pa/s 
and 667 Pa/s, and between 167 Pa/s and 1000 Pa/s (Fig. 10B). Moreover, when compared with the case 
without cytochalasin D, other parameters being equal, i.e. same pipette diameter and pulling rate, we 
obtain the same value (p=0.38, Mann Whitney test) for treated and untreated cells (Fig. S10D). 
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FIGURE S9 Shape of cytochalasin D-treated cells. (A) Image obtained in brightfield illumination. (B) Same cell 
image in IRM (unprocessed image). The bar represents 10 µm. 
 
 
 
FIGURE S10 (A) Detachment force vs projected cell area for cytochalasin D-treated cells with rP=167 Pa/s (●), 
rP=667 Pa/s (■) and rP=1000 Pa/s (▲) (B) Critical stress σ*=F*/Scell corresponding to (A). (C) Although data are 
very noisy in (A), they collapse reasonably well on the same master curve as defined in the main text and shown 
in figure 6. (D) When compared at same rP and pipette diameters, critical stress of cytochalasin D-treated and 
untreated are the same (p=0.38, Mann Whitney test). 
